Drug resistance and emergence of new pathogens highlight the need for developing new therapeutic agents. We focused on 2-oxonicotinonitrile (2-ONN) as derivative of the natural product 2-pyridinone. 1 Herein, we describe the synthesis of 2-ONNs bearing two aryl groups, which we coupled with organohalides, including three glycosyl bromides, to prepare the nucleoside analogues. Coupling occurred mostly at the 2-ONN ring nitrogen to give the aimed targets, and in a few cases, it happened at the 2-oxo position giving O-alkylation products. Free 2-ONNs and their acetylated nucleosides were tested against a number of viruses. The nucleoside analogue 2a Ac showed good anti SARS-CoV and anti influenza A (H 5 N 1 ) activities. Additionally, 7b had good activity against Gram positive bacterium, Bacillis subtilis.
Introduction
Drug resistance in microbial and viral infections has become a marked problem causing the failure of many treatments. The constant search for new drugs to be used alone or in combination with existing market drugs has become a necessity. In continuation of our efforts in finding such drug candidates, we have focused on the investigation of 2-oxonicotinonitrile (2-ONN) derivatives containing two aryl groups at the four-and six-positions of the ring. The 2-ONN ring contains the biologically important, naturally occurring 2-pyridinone motif [1, 2] . This motif has been found in compounds that are human immune deficiency virus 1 (HIV-1) nonnucleoside reverse transcriptase inhibitors [3e5], anti-herpes simplex virus 1 (HSV-1) agents [6] , hepatitis C virus (HCV) NS5B polymerase inhibitors [7] , and anti-hepatitis B virus (HBV) agents [8] . In addition to their antiviral activity, 2-pyridinone derivatives are known to possess activity against wild type [9, 10] and resistant [11] bacterial strains. The derivatives have also been shown to be antifungal [12] and antiprotozoal agents [13, 14] .
Herein, we discuss the synthesis of three 2-ONN diaryl derivatives (1aec, Fig. 1 ) for antiviral and antimicrobial activity testing. For enhancing their potency as antiviral agents, our 2-ONN compounds were coupled with different halo-sugars and halo-alkyl derivatives, to make the corresponding nucleoside and acyclic nucleoside analogues. Nucleoside analogues are well known to exhibit potent antiviral activity [15] . (Fig. 1) were synthesized by one-pot condensation [16, 17] of ethyl cyanoacetate with the corresponding aromatic ketone and aromatic aldehyde, in presence of ammonium acetate in refluxing ethanol (see Scheme 1) . The 2-ONN ring was attached to 2-pyridyl (Py) and p-chlorophenyl (PhCl) groups in 1a, to 2-thienyl (Th) and 4-isopropylphenyl (PhPr) groups in 1b, and to two Th groups in 1c. Compounds 1a [18] and 1c [19] were reported to be prepared through their respective chalcones in two steps from the aldehyde and ketone. However, the one-pot method that we adapted afforded a shorter route for their synthesis. Compounds 1aec were obtained as the amido tautomer as suggested by the presence of bands in the IR spectrum characteristic for NH and C]O of the amide functional group. This was also emphasized by the presence of an 1 H NMR peak at a chemical shift higher than 12 ppm, corresponding to the amide NH. Obtaining the amido tautomer rather than the imido was explained by a recent study showing that the amido tautomer was more stable and hence predominant [20] . Derivatives 1aec were coupled with different organohalides in presence of K 2 CO 3 in N,N-dimethylformamide (DMF) in order to give the aimed nucleoside analogues (Table 1) . A range of these coupling agents were O-acetylated (Table 1 , entries 1e6), in which case the coupling reaction was followed by deacetylation with triethylamine (TEA) in H 2 O/MeOH. Products before and after deacetylation were separated by crystallization from ethanol for biological evaluation. Structures of these separated coupling products were confirmed by IR, NMR, and elemental analyses. Table 1 shows the structure of the final products after deacetylation and lists the yields for the coupling reaction itself.
Results and discussion

Chemistry
2-ONN derivatives 1aec
Entries 1e3 of Table 1 show the synthesis of seven 2-ONN based nucleoside analogues. Compounds 1aec were coupled with both peracetylated a-D-glucopyranosyl and a-D-galactopyranosyl bromides leading to the formation of the corresponding N-glycosides 2aec (entry 1) and 3aec (entry 2), respectively, after deacetylation.
Similarly, 1a was coupled with peracetylated a-D-lactosyl bromide (entry 3) to give the respective N-lactoside (4) after deacetylation. In all these seven cases, the acetylated N-b-glycosides were obtained in yields ranging from 51% to 87%, indicating that the coupling reaction occurred mainly at the nitrogen of the 2-ONN ring. Formation of the N-glycoside was confirmed by an IR band in the range of 1640e1660 cm‾ 1 corresponding to an amide C]O functional group for each compound. Those resulting nucleosides had b-configuration as indicated by the 1 H NMR coupling constant of the anomeric proton (J > 7.5 Hz) due to diaxial coupling with H-2 0 . Preparation of acyclic nucleoside analogues were attempted by coupling our 2-ONNs with five different substituted alkyl halides. Coupling with 3-hydroxypropyl chloride led to the N-alkylation, as desired, to give 8aec in good yields (entry 7). The 2-ONN ring of 1aec reacted with 2-bromomethoxyethyl acetate at the nitrogen atom as well to give the N-alkylation products 7a and 7b after deprotection and the unprotected 7c Ac (entry 6). However, when 1aec were coupled with 4-bromobutyl acetate, results varied. 1b and 1c underwent N-alkylation to give 6b and 6c as the final and major products, respectively (entry 5). On the other hand, 1a underwent coupling at the 2-oxo position with the same reagent and reaction conditions in a good yield to give, after deprotection, the O-alkylation product 5 (entry 4). This was judged by the absence of the IR band corresponding to the amide C]O functional group. The coupling at the 2-oxo position of 1a was also seen with allyl bromide and propargyl bromide to give the O-alkylation products 9 (entry 8) and 10 (entry 9), respectively. Based on the above results, only 1a among the three 2-ONN compounds under study was glycosylated at the 2-oxo position with a few simple organohalides. In all other cases coupling occurred mainly at the ring N atom. In fact, these results were in contrast to the ones we observed in our previous work [21, 22] , where we have examined the coupling of the 2-ONN derivative 1d (Fig. 2) with 10 different glycosyl and substituted alkyl halides under the same reaction conditions. In all cases, alkylation occurred at the 2-oxo position of the 2-ONN ring of 1d and the corresponding O-glycosylation and O-alkylation products were separated in yields ranging from 48% to 87%. Compounds 1aec differ from 1d by changing one of the aryl groups attached to the 2-ONN ring, while retaining the other one. Other published work showed that a very close 2-ONN structure (1e, Fig. 2 ) is also glycosylated at the 2-oxo position under the same conditions [23] . Furthermore, the similar 2-ONN compound 1f (Fig. 2) was also reported to couple with ethyl bromoacetate at the 2-oxo position under similar reaction condition to the one used in our work [24] .
Interestingly, reported results [25] showed that a compound different from 1d, only in that the positions of the PhCl and Th groups relative to the 2-ONN ring are interchanged, undergoes Nglucosylation under similar reaction conditions to ours. Keeping these contradicting results in mind, one can envision that regioselectivity of the reaction depends on the size of both the coupling agent and the substituents on the 2-ONN ring. Additionally, the type and relative positions of the aryl substituents on the ring induce an electronic effect that contributes to the relative electron density at the ring N and 2-oxo positions, which in turn controls the regioselectivity. It is to be noted that careful chromatographic separation of products of such reactions show that both N-and Oglycosylation/alkylation can occur, with one of them as the major product [26] .
Biology
Evaluation of antimicrobial activities
Our new 2-ONN derivatives were screened in vitro for antibacterial activity against Bacillis subtilis and Escherichia coli, representing Gram positive and Gram negative bacteria, respectively, and antifungal activity against the fungi Aspergillus niger and Aspergillus virdi-nutans. Zone of inhibition screening tests based on well diffusion method were used to examine both the antibacterial and antifungal activities. Table 2 shows the diameter of inhibition zone in mm for the 2-ONN compounds against the selected bacteria and fungi. The results were compared to Ampicillin as a reference antibacterial drug and Dermatin as a reference antifungal drug to evaluate the potency of the tested compounds. This antimicrobial study was conducted for both the final deprotected form and O-acetylated form of the 2-ONN derivatives. As mentioned above, O-acetylated forms were originally obtained as synthetic intermediates. The latter were more lipophilic and could have different biological properties than the deacetylated counterparts. Derivatives in Table 2 that were variants of 2-ONN compounds from Table 1 by acetyl protection were denoted by the addition of Ac to the number of each compound. Since the tested samples were prepared as N,Ndimethylformamide (DMF) solutions, wells containing only the microorganism and DMF were used as a negative control. DMF resulted in no inhibition zone. Among the tested compounds, 7b showed the highest antibacterial activity (23 mm) against B. subtilis, which was even higher than the standard drug Ampicillin (20 mm). However, it had no activity against the Gram negative bacteria E. coli. In fact, all the tested compounds except 3b showed no activity against E. coli. 3b had small antibacterial activity of 5 mm compared to that of Ampicillin (18 mm). Compounds 2b and 7c Ac showed moderate antibacterial activity against B. subtilis. Compounds 2b Ac , 2c Ac , 3a Ac , 3b Ac , 2c, 3a, 3b, 3c, 5 Ac , 5, 8a and 9 showed lower antibacterial activity against Gram positive bacteria compared to Ampicillin. These data proved that there was no obvious trend suggesting that increasing lipophilicity by addition of acetyl groups in the 2-ONN structure had an effect on the antibacterial activity. Antifungal zone of inhibition studies showed that all the tested compounds had moderate antifungal activity against Asperigillus niger and Asperigillus virdi-nutans compared to the standard drug Dermatin.
In vitro antiviral screening
A panel of different viral species was used to evaluate the in vitro antiviral activity of some of the 2-ONN compounds in this report. The panel consisted of HCV, HBV, HSV-1, HSV-2, severe acute respiratory syndrome coronavirus (SARS-CoV), West Nile virus (WNV), influenza A virus (serotypes H 3 N 2 , H 5 N 1 and H 1 N 1 ) and influenza B virus. The acetylated 2-ONN glucosides 2a Ac ec Ac , and the acetylated galactoside of 1c (3c Ac ), which we designed as nucleoside analogues, in addition to uncoupled 2-ONN derivatives 1aec were selected for this study. The compounds were evaluated for their antiviral activity in comparison to known drugs for each virus as controls. Antiviral activity was given as 50% effective concentration (EC 50 ), which is the concentration of the compound in mM required to inhibit 50% of viral infection. Cytotoxic concentration (CC 50 ) was determined as the concentration of the compound in mM at which 50% of cells become dead. Selectivity index (SI) was calculated as the ratio of CC 50 to IC 50 values, and was used along with the EC 50 values to evaluate the bioactivity of 2-ONN derivatives.
Anti HCV and HBV activities were assessed using RNA replicon and DNA virion control assays, respectively. Anti HBV activity was compared to that of Lamivudine. Anti HSV-1 and HSV-2 as two additional representatives of DNA virus families were compared to acyclovir as the control drug. Similarly, anti HCV activity of the compounds was compared to that of human interferon-alpha (HIA) and 2 0 C-methylcytidine (2 0 C-MC). As summarized in Table 3 results showed that among the tested compounds, 1c showed the best antiviral activity against HSV-1 and HSV-2 (EC 50 > 12 mM), while 2b Ac , 2c Ac and 3c Ac were moderately active against HSV-1 and HSV-2 with an EC 50 of 67.2, >60, and >60 mM, respectively. However, the SI values are much lower than reference drugs. All tested compounds were inactive against HCV and HBV as the EC 50 values are higher than 100 mM. Anti SARS-CoV and WNV activities were investigated in comparison with M 12 8 533 and infergen, respectively Table 1 Coupling of 2-ONN derivatives 1aec with different organohalides.
Entry
Deriv. as control drugs. Results were obtained using both visual and neutral red tests. Among the tested compounds, only 2a Ac was slightly active by visual, but not neutral red test for SARS-CoV. Anti influenza activity was screened using ribavirin as the control drug. Cytopathic effect and cytotoxicity were used as control assays and the resulting data were reported in Table 4 . The screened compounds against influenza B virus showed that all tested compounds were not active. On the other hand, 2a Ac was slightly active against H 5 N 1 influenza A virus. The 2-ONN derivatives were moderately active against H 1 N 1 serotype.
Conclusion
A series of 2-oxonicotinonitrile based analogues of nucleosides and acyclic nucleosides were prepared by coupling 2-ONNs with bromosugars and other organohalides. Some attempts of the coupling resulted in reaction at the 2-oxo position instead of the 2-ONN ring nitrogen. Seemingly, a combination of steric and electronic factors had an effect on the regioselectivity of the coupling reaction. Changing the coupling reaction conditions, such as the type of the base used, could lead to different selectivity [24] . Among the synthesized 2-ONN derivatives and their nucleosides, 7b showed good activity against the Gram positive bacterium B. subtilis, and 2a Ac was active against SARS-CoV and influenza A H 5 N 1 virus. The 2-ONN compounds showed moderate antifungal activity.
Experimental results and protocols
Materials, instruments and general considerations
Starting materials and reagents were purchased from Aldrich and had a minimum purity of 97%. DMF was dried by distillation from CaCl 2 . 4-Bromobutyl acetate [27] and 2-bromom ethoxyethyl acetate [28] were prepared according to literature from tetrahydrofuran and 1,3-dioxane, respectively. Other solvents and reagents were purchased from commercial sources and used as received. Reaction progress was monitored by TLC analysis using aluminium-backed plates pre-coated with Merck silica gel 60 F 254 . Spots separated on the TLC plates were visualized by UV light and/or charring with a solution of 10% H 2 SO 4 in EtOH. Column chromatography was carried out on WhatmanÔ 60e120 mesh silica. Melting points were measured using an Electrothermal IA 9100 apparatus. IR spectra (KBr disc) were recorded on either a Pye Unicam Sp-3-300 or a Shimadzu FTIR 8101 PC infrared spectrophotometer. The 1 H and 13 C NMR spectra were recorded on JEOL-JNM-LA 300 MHz spectrometer. Chemical shifts (d) were reported in ppm and were referenced to tetramethylsilane as a standard (0.00 ppm). Chemical shifts for 13 C NMR were referenced relative to DMSO (39.50 ppm). Elemental microanalysis was done on a Perkin Elmer 240 analyzer. Analyses indicated by the symbols of the elements were within AE0.4% of the theoretical values.
Chemistry
4.2.1. General procedure for the preparation of 2-ONN 1aec A mixture of the aromatic ketone (0.01 mol), the aromatic aldehyde (0.01 mol), ethyl cyanoacetate (1.13 g, 0.01 mol), and ammonium acetate (6.16 g, 0.08 mol) in ethanol (30 mL) was refluxed for 12 h. After cooling, the precipitate was filtered off, washed with ethanol, and dried. Recrystallization from DMF/ Ethanol (1:10 v:v) afforded the 2-ONN derivatives 1a-c.
4-(4-Chlorophenyl)-2-oxo-6-(2-pyridyl)nicotinonitrile (1a).
This compound was prepared from 2-acetylpyridine (1.21 g) and 4-chlorobenzaldehyde (2.4 g) according to the general procedure described above, and was obtained as a green powder (1.55 g, 50.4% yield), mp 318e320 C (lit [18] . mp 209e214 C a EC 50 is measured in mM.
General procedure for glycosylation and alkylation
The 2-ONN derivatives 1aec (0.010 mol) were stirred with potassium carbonate (1.38 g, 0.010 mol) in dry DMF (15 mL) for 1 h, followed by the addition of the appropriate peracetylated glycosyl bromide (0.011 mol) or alkyl halide (0.010 mol) in portions. Except for allyl and propargyl derivatives, the reaction mixture was stirred at room temperature overnight, filtered to remove insoluble materials, and then the solvent was evaporated under reduced pressure. For allyl and propargyl derivatives, the reaction mixture was refluxed for 5 h after stirring overnight; and after cooling it was filtered, and the filtrate was poured into ice-water to give the crude product as a precipitate, which in turn was filtered off and dried. The crude product obtained in all cases was purified by recrystallization from 95% ethanol.
General procedure for deacetylation
TEA (1 mL) was added to a solution of the acetylated compound (0.01 mol) in MeOH (20 mL) and 3 drops of water. The mixture was stirred overnight at room temperature, and then the solvent was evaporated under reduced pressure. The residue was repeatedly coevaporated with MeOH until TEA was removed, and then purified by crystallization from 95% ethanol. 
4-(4-
Chlorophenyl)-1-(b-D-galactopyranosyl)-2-oxo-6-(2- pyridyl)nicotinonitrile (3a
